In Finland, Capercaillie (Tetrao urogallus) populations have a history of serious decrease starting from the mid-20th century. The decline is temporally in line with the expansion of modern forestry practices that created major changes in the landscape. We used tetraonid route-censuses from 18 forestry board districts and Finnish forest inventories (data on forest stand structure) to analyze the decline in 1965-1988. We used information theoretical model selection to evaluate a set of log-linear second order autoregressive models, allowing for spatially correlated process errors. The average trend throughout the country corresponded to an annual decline of 4.01% (mean of local trends) ± 0.24% (SEM), parallel to a half-life of 17 years. The decline was surprisingly uniform throughout the country (SD = 1.01%) and most parsimoniously explained by a geographically constant log-linear trend. At the large scale of observation applied here, population trends could not be explained by the proportional increase of younger forest age classes (<40 years old and <80 years old, respectively). Our analysis does not support the hypothesis that the decline in Capercaillie numbers is due to changes in the forest age structure, but we cannot exclude the possibility that other factors behind the decline may have interacted with forestry in general. From a conservation point of view, we caution against over-emphasizing the role of forest age especially at large spatial scales, but leaning also on other research, we recommend that more management efforts would go into the preservation of the overall forest cover and the original physiognomy in single forest patches.
Introduction
Human alteration of natural habitats is the largest single cause for biodiversity loss in the world (Millennium Ecosystem Assessment, 2005) . Boreal forest being one of the world's most extensive terrestrial ecosystems (e.g. Haila, 1994; Schmiegelow and Mönkkö-nen, 2002) , the increasing pressure for land conversion in the boreal region is an important conservation issue. Forestry is largely acknowledged to be the driving force in the population declines of boreal forest species in Fennoscandia (e.g. Rassi and Väisänen, 1987; Esseen et al., 1997) . The most affected are the species adapted to old forest (e.g. Hansson, 1992; Esseen et al., 1997; Mönkkönen, 1999; Brotons et al., 2003) ; a common example being the declining Capercaillie populations (e.g. Rolstad and Wegge, 1989a) .
In general, there is a profound consensus about the role of forestry in the decline of Capercaillie in Europe (e.g. Storch, 2000 Storch, , 2007 Miettinen et al., 2008) . According to several studies, the negative effects of forestry are mostly mediated through lekking site destructions (including the surrounding territories of the males, Rolstad and Wegge, 1987a; Lindén and Pasanen, 1987; Helle et al., 1994) and partly also through overall habitat loss and fragmentation of forests (e.g. Storch, 2000; Miettinen et al., 2008) . However, there is no clear analytical evidence of forest age being the number one cause in the decline, although traditionally, Capercaillie has been thought to be dependent on older forests (e.g. Valkeajärvi and Ijäs, 1986; Storch, 1993a; Swenson and Angelstam, 1993) , and the large-sized males in particular prefer large oldgrowth forest patches for their traditional lekking sites Wegge, 1987b, 1989b) .
Other possible candidates for the decline include factors directly or indirectly associated with forestry or other human land use, e.g. disturbance and artificial constructions (Bevanger, 1995; Baines and Summers, 1997; Ludwig et al., 2008) , elevated predation pressure (Kurki et al., 1997 , and lowered bilberry cover (e.g. Storch, 1993b; Lakka and Kouki, 2009 ); plus factors not clearly associated with forestry, e.g. hunting (see, however, Lindén, 1991) and climate change (Moss et al., 2001 ; see also Ludwig et al., 2006) . Most likely, different factors play different roles depending on the region, and it is highly probable that several simultaneously operating factors act in concert (e.g. Saniga, 2003; Storch, 2000) .
Although forests in Finland were quite effectively used for tar production, slash-and-burn cultivation and firewood collection already since the middle of the 18th century (Tasanen, 2006) , large forest areas remained outside intensive use. The first large-scale changes that affected virtually all Finnish forests took place after the Second World War. Selective cuttings were replaced with clear-cuts and artificial regeneration, and cuttings were expanded to previously unmanaged areas (e.g. Leikola, 2006) . As a consequence, between the third (1951) (1952) (1953) and the fourth (1960) (1961) (1962) (1963) National Forest Inventory (NFI) in Finland, particularly the amounts of saplings (age <20 years) and young forests (21-40 years) increased remarkably (Tiihonen, 1968) . This is temporally in line with the sharp decline in the Finnish Capercaillie populations ( Fig. 1 ; Lindén and Rajala, 1981) .
Finnish grouse populations dynamics have been intensively studied, mostly concentrating on their nation-wide cyclic patterns (e.g. Lindström et al., 1995 Lindström et al., , 1996 Lindström et al., , 1997 Ranta et al., 1995) . Differences in productivity between old and young females, and delayed density dependence in fecundity have been found to be important factors behind the cycles (e.g. Lindström et al., 1997) . However, regarding long-term population trends, there have been differing viewpoints on the relative importance between adult survival and breeding success (e.g. Kauhala and Helle, 2002; Ludwig, 2007) . Moreover, exact mechanisms behind the declining trends are still mostly unknown, although they are usually considered to be connected with changes in habitats (e.g. Lindén and Rajala, 1981; Helle and Helle, 1991) , indicating lowered carrying capacity of the environment (i.e. the population size that the resources of the environment can maintain is lowered, sensu Begon et al., 1996) .
In this study, we modelled the spatiotemporal pattern of decline in Finnish Capercaillie populations during . More specifically, we investigated whether changes in the forest age structure, stemming from the expansion of modern forestry practices, could explain population decline. We used information theoretical model selection on several log-linear second order vector autoregressive models to evaluate the effect of forest age structure on the declining Capercaillie density. We hypothesize that the increase of younger forest classes (and consequently, decrease of older forest classes) negatively affects the Capercaillie habitat quality, especially at the lekking sites. This is because the lekking sites surrounded with large areas of old-growth forest support more resident males (Wegge and Rolstad, 1986) probably attracting also more females (Storch, 1997; Gjerde et al., 2000) , and the number of displaying males is positively correlated with the lekking site Fig. 1 . The map of 19 forestry board districts in Finland and the data on Capercaillie abundance estimated from the route-censuses in 1964-1989 for each district. Data from the district number 14 was omitted from the models due to several weak years of data gathering. The data used in the analyses covered years 1965-1988. persistence (Rolstad and Wegge, 1989b) . Hence, the immediate effect of forestry actions is likely to be that juveniles and females disperse away from low-quality leks (Rolstad and Wegge, 1989b) , which at a large scale connote only spatial restructuring of individuals. Population dynamical effects may therefore occur with a delay, when males at lower quality leks die. Hence, we expect largescale population dynamics to be expressed at the scale of lekking populations, best visible with a time-lag corresponding to the death of the majority of the males. Our aim was to improve the understanding of mechanisms behind the decline, which we think is needed for effective and realistic Capercaillie conservation in Europe, and which may be helpful in conserving forest wildlife biodiversity in general (Pakkala et al., 2003) .
Materials and methods

Capercaillie data
Capercaillie abundance estimates (individuals per km 2 ; see Rajala, 1974) were based on tetraonid route-censuses performed in 1964 -1989 (Lindén and Rajala, 1981 , but the first and the last year were dropped from the analyses due to low coverage of data. Census routes were located on the very best grouse habitats, such as edges of forests, and the census data comprised relative densities of young and adult birds, estimates of the percentage of hens with a brood and estimates of brood sizes. The routes were counted annually in August by thousands of volunteer hunters. During the study period about 500-800 routes were annually counted, the total route length varying between 20,000 and 30,000 km/year (Lindén and Rajala, 1981) . Counts were performed in 19 regions of which 18 were subject to the current analysis (number 14 was excluded due to scarce census data in several years). These areas roughly correspond to the forestry board districts (Fig. 1) which were selected as a spatial unit of the analyses. During the study period, there were some small changes in the administrative borders of the forestry boards, and in these cases Capercaillie density estimates were always corrected to correspond to the limits of forestry board districts.
Forest data
Data on forest cover and age structure were derived from the NFI reports for 18 forestry board districts ( Fig. 1 from which number 14 excluded; Ilvessalo, 1957; Kuusela, 1967; Kuusela and Salovaara, 1968 , 1969 , 1971 , 1974a Kuusela and Salminen, 1976 , 1978 , 1980 , 1983 Kuusela et al., 1986; Tomppo et al., 1998) . We separated out data on total area of the district (km 2 ), total amount of forest land (km 2 of forest with an average growth of P1 m 3 /ha/ year) and forest age classes (the proportion of forests of 1-140 years, classified with 20 years intervals, plus all the forests over 140 years [up to 210 years] grouped in their own class, calculated as percentages from the forest land). We used the geographic center (N-and E-coordinates from the Uniform Coordinate System, Grid27E) of every district to describe their locations.
We used data from five inventories which were carried out in 1951 -1953 (NFI 3), 1964 -1970 (NFI 5), 1971 -1976 (NFI 6), 1977 -1982 (NFI 7) and 1986 -1994 , once in every district per inventory. Annual values for forest age structure variables (1960-1981, i .e. 7 years before the response, see below) were obtained through linear interpolation. Interpolation is justified due to the low temporal resolution of the involved variables: (1) the changes in forest age structure are slow and (2) our aim was to analyze long-term trends in Capercaillie abundances. Because in some forestry board districts the inventories took more than a year, we always used the first year of an inventory as the main data point from which the interpolation was carried out.
The first inventory used (NFI 3; Ilvessalo, 1957) was chosen as a reference point describing the forest age structure in Finland before the modern forestry expansion. As the amount of forest land was defined differently in 1951-1953 the first inventory is not fully comparable to the following ones. However, because the older definition, ''fertile forest land" that was used in NFI 3 comprised about 80% of the ''total forest land" that was used in later inventories (Tiihonen, 1966) , the difference between the forest variables of separate inventories is probably minor.
Choice of the extrinsic variables
To investigate the effects of forest age structure on Finnish Capercaillie population trends, we used the proportion of forests less than 40 and 80 years of age (percentages from the forest land with an average growth of P1 m 3 /ha/year) as explanatory variables, interpolated from the NFIs. The average annual survival of Finnish Capercaillie adults has been estimated to be 0.71 (Lindén, 1981a ; see also Moss et al., 2000) . Because the expected time until 90% of the remaining males have died is log 0.71 (1-0.90) % 6.72, we used a lag of 7 years in the forest age variables. We hereafter refer to the site and time specific forest age variables as A40 tÀ7,i and A80 tÀ7,i .
As an alternative to the forest variables the decline was modelled as an undistinguished exponential declining trend, using year of investigation as an explanatory variable. The variable, hereafter denoted Y t , was scaled such that the first year of the response (1967 for the dependent variable) was set to zero. The average Pearson's product moment correlation between Y and A40 is r = 0.89, so keeping both in the same model simultaneously would cause collinearity problems. Instead, we considered them as competing explanations in the model selection setting.
The coordinates (N and E, Grid27E) of the geographic center in each forestry board district were centered to zero at the average of all forestry boards (N 6974594, E 3435680) and scaled such that one unit corresponds to 100 km. Spatial trends were described with three variables, including site specific scaled N-coordinate (N i ), E-coordinate (E i ) and the interaction between those two (N i Ã E i ). Later we refer to these three geographical variables as GEO i . In addition to geographical trends in population densities, geographical gradients in the effects of other explanatory variables were modelled as interactions between those variables and GEO i .
Models with different combinations of the explanatory variables and error structures were compared with an information theoretical approach, according to the Akaike information criterion (AIC) and Akaike weights (x). For multivariate models with more specific error structures, as used here, there exist no well established exact versions of AIC c (Burnham and Anderson, 2002) , that is, the AIC corrected for small sample size. Therefore, we used the regular AIC. In total, 14 different competing models were considered in the analysis (Table 1) .
The population models
The population dynamics were modelled on a logarithmic scale with second order vector autoregressive models of the general form
e t $ N 18 ð0; RÞ where X t,i is the natural logarithm of population density (young and adult birds together) at time t and location i. The expression f A40 tÀ7;i ; A80 tÀ7;i ; Y t ; GEO i À Á denotes a linear combination of the variables involved, and interactions between them. This is the part that varies among the competing models given in Table 1 . For all models we assume all regression coefficients except the intercept terms a 0i to be identical across all regions. The process errors (e t ) are assumed to be multivariate normal with 18 dimensions (locations), zero mean and variance-covariance matrix (R). We take two competing approaches to spatial synchrony in the process errors: (1) no correlation and (2) the process errors are assumed to be a 50-50% mixture of spatially correlated noise that decrease in correlation by distance, and compound symmetric noise (correlation between all sites equal). In the potentially correlated version, the elements of R are a function of the common residual variance (r 2 ), the distance between the sites (D(i, j)), the spatial correlation per unit distance (q 1 ) and the common correlation (q 2 ):
Dði;jÞ 1 þ q 2 Þ Our models include only process error, but it is likely that the population indices contain measurement error as well, which could lead to biased estimates of density dependence (Freckleton et al., 2006; Knape, 2008) . However, our focus being on large-scale trends in the dynamics, exact estimates of density dependence fall outside the scope of this paper.
The models were fitted using maximum likelihood estimation. The likelihood was maximised using a variant of an iteratively reweighted least squares algorithm. In each iteration regression coefficients were updated by analytically solving for the values that maximised the likelihood while holding the covariance matrix fixed to parameter values obtained from the previous iteration. Each of the parameters to be estimated in the covariance matrix (for Models 1-7: r 2 ; for Models 8-14: r 2 , q 1 and q 2 ) were then updated in turn by holding the remaining parameters fixed to their current values and numerically finding the parameter value that maximised the likelihood (using golden section search implemented in the MATLAB function fminbnd).
Standard errors of the parameters were calculated using parametric bootstrap (data resampled by simulating the fitted model) with 500 bootstrap samples.
Results
The decline in the Finnish Capercaillie population in was steep throughout the country. The average trend (i.e. mean of the trends calculated for the 18 districts) corresponds to an annual decline of 4.01 ± 0.24% (SEM), parallel to a half-life of about 17 years. The variation in the annual decline between forestry boards is relatively low (SD = 1.01%). Between 1965 and 1972, a slight increase in Capercaillie density could only be found in the northernmost parts of Finland, and while moving towards 1980s the populations declined again (Fig. 2, uppermost row of panels) . In contrast, the proportion of forest less than 40 years old consistently increased most in the east (Fig. 2, middle row of panels) . Considering the amount of forest less than 80 years, there were no major temporal changes, merely the differences between northern and southern parts of Finland slightly evened out during the study period (Fig. 2, bottom row of panels) .
Among the 14 competing models presented in Table 1 , Model 9 was selected by AIC to be the best approximating model (Burnham and Anderson, 2002) . Model 9 included a temporal decline (Y t ) only, whereas the second best model (Model 10) included also a geographical gradient in the decline. Both models had synchronous (spatially correlated) process errors. The evidence ratio (ratio of Akaike weights) of Model 9 compared to Model 10 was over 5.77, indicating a moderately strong support for Model 9. For other models the evidence ratio of Model 9 was greater than 45, the support being strong. Models 9 and 10 both performed fairly well, explaining over half of the variation in the data ( Table 1) .
The coefficient of temporal decline in the carrying capacity (effect of Y t ) in Model 9 was À0.023 ± 0.007 (SE), corresponding to an annual decline of 2.26% in the populations' carrying capacities. The average trend in the carrying capacity in Model 10 was similar. An interpretation of the fact that this is less than the observed trend (4.01%) could be that the population density was far above the carrying capacity in the beginning of the study period.
Models with spatially correlated process errors (Models 8-14) performed altogether better compared to models with independent process errors (Models 1-7, see Table 1 ). Hence, our approach to account for synchrony that decreases by distance was well justified. The synchrony can be caused by dispersal as well as spatially autocorrelated environment (e.g. weather patterns) and is typical for spatiotemporal population data (Ranta et al., 1999) and maybe for large-scale Capercaillie occurrence in general (Mörtberg and Karlström, 2005) .
Unexpectedly, the models including forest age performed clearly worse than the models with year as an explanatory variable. In the fourth best model (Model 13, see Table 1 ) the proportion of forest less than 80 years old (A80) was included, but having an effect close to zero (Appendix A). Hence, at the large scale of investigation used here, it seems that forest age per se does not provide a good explanation for the decline in the Capercaillie populations. It is notable that in the models with A80 and A40, part of the variation in the population trend was picked up by the spatial correlation structure of the process errors (q 1 ). Comparing Models 11 and 4, for example, A40 has a clear negative effect in the model with no spatial correlation among the process errors, but the effect is lost in Model 11 (see Appendix A). For Model 11, we found a negative trend in residuals of the 18 forestry board districts (average trend À0.022 ± 0.001 [SEM], SD = 0.005). While no such trend could be found in the residuals of Model 4 or Model 9, it is obvious that A40 cannot fully account for the trend appearing in the dependent variable. The same phenomenon could be seen when comparing Models 5 and 12 (A40 and GEO as explanatory variables, Appendix A). It is possible, that an unknown factor also containing a trend (e.g. climate) not included in our model might have caused synchrony in the process errors.
Although not the focus of the study, density dependent effects (a 1 and a 2 ) had an important role in the models (Appendix A). In all the models, there were clear first order negative density dependence corresponding to undercompensatory dynamics (0 < a 1 < 1; whereas a 1 = 1 correspond to exponential growth). Interestingly, in the models with spatial correlation structure in the process errors, the two-year delayed effect (a 2 ) disappeared, whereas in the models with independent process errors it was always present with a negative effect (Appendix A). Hence, our models suggest that the observed delayed density dependence might actually be a consequence of environmental stochasticity (Jonzén et al., 2002) . We caution, however, that since we have not accounted for observation error, our density dependence estimates may be imprecise and biased.
Discussion
Effect of the forest age structure
Our results revealed that despite the widespread consensus on forestry being among the most important causes for declines in the Capercaillie populations around Europe (e.g. Lindén and Pasanen, 1987; Wegge, 1987a, 1989a; Gjerde and Wegge, 1989; Virkkala, 1991; Helle et al., 1994; Sjöberg, 1996; Storch, 2000 Storch, , 2007 Saniga, 2003; Sachot et al., 2006) , the increase in the proportion of young (less than 40 and 80 years old) forest classes does not provide a good explanation for the decline in Finnish Capercaillie populations. This is somewhat surprising, because lekking sites have traditionally been found in forests older than 60-70 years (Valkeajärvi and Ijäs, 1986; Rolstad and Wegge, 1987b) , and in some studies suitable Capercaillie habitat has been suggested to be forests older than 90 years (Storch, 1993a; Swenson and Angelstam, 1993) . However, according to some more recent papers it seems that Capercaillie might not be a strict old-forest specialist -new lekking sites have been found in young (26-46 years, 50-140 m 3 /ha) forests (Rolstad et al., 2007) , and thinning stands (36-100 m 3 /ha) and other younger forests might be of reasonable quality for Capercaillie males (Miettinen et al., 2005 (Miettinen et al., , 2008 . Fragmentation of mature forests might have led to situation where some species traditionally connected to older forest classes (e.g. Capercaillie, Swenson and Angelstam, 1993; Angelstam, 2004) nowadays seemingly avoid them, most likely because the extent of a species' home range and the extent of the mature forest area do not match (Mykrä et al., 2000; Miettinen et al., 2005 Miettinen et al., , 2008 Miettinen, 2009 ). However, this seems to be fairly recent phenomenon: for instance in the Northern Finland, the preference of mature stands for Capercaillie lekking sites was still clearly visible in 1985 (Helle et al., 1989) .
It is possible that some other structural aspects of forestry (e.g. impoverishment of habitat's physiognomy, decreased mosaic-like variability, patch size and/or connectivity) are more important than the decline in forest age (Helle et al., 1987; Lindén et al., 2000; Quevedo et al., 2006) . It has been suggested, for example, that in the Northern Finland the understorey cover in mature forests may have become too scarce and monotonous for Capercaillie (Miettinen, 2009) . In contrast, in some very dense forest stands thinning may create space for large-sized Capercaillie males for winter roosting (Thiel et al., 2007) or for lekking site displaying (Rolstad and Wegge, 1989a; Rolstad et al., 2007) . Hence, forest age at large spatial scales might not be the most important aspect for Capercaillie, but some old forest characteristics or structural aspects resembling old forest might still be needed at the stand level (Helle et al., 1989) . To conclude, forest age might be more important on smaller spatial scales than the one studied here (e.g. Storch Interestingly, it seems that there might have been a decline also in the Swedish Capercaillie populations from the mid-1940s to late 1970s (Marcström, 1979) . One cannot exclude the possibility that some common factors have affected the Capercaillie population trends in both countries, which have also many similarities in their past land use (e.g. Esseen et al., 1997) . However, the Swedish populations have since been more or less stable, at least according to trend analysis from 1975 to 2007 (results concerning mostly southern Sweden, The Swedish Bird Survey, 2010). In Finland, the declining Capercaillie population trend started to partly stabilize from 1990s onwards, although large variation still exists depending on the game management district (Lindén, 2002) .
Other factors associated with forestry
Our results further implied that the Capercaillie population density might have been far above the carrying capacity in the beginning of the study period. According to some indirect evidence, Capercaillie populations might have been on the highest level recorded so far in the end of 1930s (Airaksinen, 1946; Mäki, 1946) , and in 1953 the populations were apparently still about 40% higher than in the 'high-density-years ' 1966-1967 (when the relative density was over 10 birds/km 2 , Lindén and Rajala, 1981; Lindén, 2002) . We cannot rule out the possibility that some other factors associated with forestry, but not included in our model, might have affected the carrying capacity already before our study period (see also Löfman and Kouki, 2001 ). For example, logging may reduce the amount of suitable food and cover for juveniles and disturb dispersal (e.g. Hannon and Martin, 2006) , and large-scale forest drainage can have both direct and indirect negative effects on grouse productivity (Ludwig et al., 2008) . More specifically, there are two forestry-related factors that have often been suggested to be potential mechanisms behind grouse population declines: (1) increased predation pressure and (2) decreased food quality/quantity (e.g. Kurki et al., 2000; Storch, 2000 Storch, , 2007 Lakka and Kouki, 2009 ). Predation is a major proximate cause for grouse chick and juvenile mortality (Hannon and Martin, 2006; Baines et al., 2007) , and it may also affect adult survival especially in low-density populations (Park et al., 2008) . Concerning our results, interactions between enhanced predation pressure and changes in the landscape-level habitat quantity and quality (Henttonen, 1989; Kurki et al., 1997 Kurki et al., , 2000 Storaas et al., 1999 ) may have at least partly played a role in the temporally uniform decline of Capercaillie populations (and possibly also other grouse species in Finland; Kurki et al., 2000) . However, predation does not well explain the spatial synchrony of our results. The densities of the most common predators (e.g. red fox) might be two-to threefold higher in the southernmost Finland, and the negative effect on grouse breeding success therefore usually varies between south and north (Kurki et al., 1997 .
Bilberry (Vaccinium myrtillus) cover is an important variable explaining Capercaillie abundance (Storch, 1993a,b) , and is commonly associated with the abundance of insect food important for chicks (Wegge et al., 2005; Lakka and Kouki, 2009 ). The longterm decrease in the Finnish bilberry cover (Reinikainen et al., 2000) may be among the proximate causes for bad Capercaillie breeding success, ultimate cause being habitat alteration (Ludwig, 2007 ; see also Ludwig et al., 2008; Lakka and Kouki, 2009 ). This kind of explanation might match the pattern of a spatially and temporally uniform decline, although Lakka and Kouki (2009) concluded that it is unlikely that bilberry abundance alone can explain the decline in Finnish Capercaillie populations. However, it is well known that clear-cutting negatively affects bilberry cover (Atlegrim and Sjöberg, 1996a) and the herbivorous insect larvae feeding on it (Atlegrim and Sjöberg, 1996b) . Ordinary forest management practices may thus at least momentarily lower Capercaillie breeding success through bilberry reduction (Baines et al., 2004) .
Factors not associated with forestry
Local weather patterns can affect grouse population dynamics, especially through breeding success (e.g. Virkkala, 1991; Saether et al., 2004; Baines et al., 2007) . Moreover, asymmetrical climate change has been connected to long-term grouse declines in earlier studies (Moss et al., 2001; Ludwig et al., 2006) . Climate change could be a candidate to explain the spatially uniform decline found in our study, but the temporal match is poor. Moreover, from the beginning of 1990s Finnish Capercaillie population estimates have shown signs of stabilization or even increment in some parts of the country, indicating improved breeding success (Lindén, 2002) , whereas the climate has continued to warm up (Karl and Trenberth, 2003) . In sum, the role of climate change in Capercaillie population decline remains unclear.
The effects of hunting on Capercaillie populations have been rather little studied (Baines and Lindén, 1991; Kangas and Kurki, 2000) . In 1964-1972, bag sizes followed the cyclic abundances, although more encouraging population trends were observed in the protected areas compared to the hunted ones (Lindén, 1981b) . For the period of 1973 -1984 Lindén (1991 did not find significant correlative relationships between grouse population trends and the annual bag, albeit there may have been some overharvesting in the Northern Finland. Because of the remarkable spatial synchrony detected in the population trend, it is hard to believe that hunting is the most important factor behind the Capercaillie decline in Finland. However, hunting has the potential to cause population declines, especially together with some other factors. For example, the dense network of forest roads not only increases forest fragmentation but creates also opportunities for hunters, which may lead to local overhunting (Lindén, 1991) . Selective hunting would be especially harmful if directed towards highquality lekking males because of their high reproductive value, and the potential negative effects on the display and sex ratio (Lindén, 1981b; Ellison, 1991) .
Conclusion and management implications
Our study shows that the causes for Capercaillie population decline are difficult to pinpoint on statistical grounds because of the spatio-temporally uniform decrease in the population density. It is probable that several interacting factors are responsible for the decline (e.g. Ludwig, 2007) . For example, effects of climate change may depend on habitat fragmentation (e.g. Foppen et al., 1999) . We caution against over-emphasizing the role of forest age structure in the forest management, until the mechanisms behind the decline have been uncovered. However, leaning also on other research we wish that at large spatial scales, more effort would go into the preservation of the overall forest cover, especially around the functioning Capercaillie lekking sites (e.g. Lindén and Pasanen, 1987; Helle et al., 1994; Lindén et al., 2000) . In Southern Finland, for example, functioning lekking sites are situated in forest patches that are substantially larger than average (Lindén and Pasanen, 1987; Helle et al., 1994) . Since Capercaillie is recognized as an umbrella species, successful conservation efforts would benefit forest biodiversity in general (Pakkala et al., 2003) . Moreover, increasing the amount of suitable habitat would offer a precaution to minimize risks e.g. connected to future range shifts stemming from climate change (Thomas and Lennon, 1999) . In addition, in single forest patches preservation of the original forest physiognomy might be of importance. Although not explicitly detected in this study, large-scale changes in human land use are evident threats to forest biodiversity around the world. Compared to Central European forests which are seriously fragmented primarily due to the patchy distribution of mountainous conifer forests and secondly because of habitat loss, forests in Fennoscandia comprise the last wide-enough habitats for many large forest-dwelling species in Europe (e.g. Storch, 2000; Mikusiń ski et al., 2007) , including Capercaillie (see also Segelbacher and Storch, 2002; Segelbacher et al., 2003) , and are therefore of primary concern for species conservation.
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Appendix A
Parameter estimates and standard errors (in parentheses) for the 14 competing models. Parameters for which |b| > 2SE are considered to differ from zero and are bolded, excluding error variances (r 2 ). The intercepts (a 0 (1) À a 0 (18) ) are not shown. 
